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MICROFABRICA..D STRUC'URES FOR THi MEASUREMENT OF
ADHESION AND M.CHANICAL PROPERTIES OF POLYMER FILMS

MaxIG. Alien and Stephen 0. Senturla
Microsystems Technology Laboratories
Massachusetts Institute of Technology

Cambridge MA 02139

Introduction

Determination of the mechanical properties and adhesive strength of thin films In
microelectronic devices is Important both during fabrication and In evaluation of long term device
reliability. Many tests of these properties are available (1.5), but few combine the advantages of an
11-= mc3aurament technique and compatibility with standard integrated Circuit processes. Several
-types of micrfablcaed sucures for the measurement of the mechanical properties of polymer fl'ms
have been fabricated In our laboratory [6,71; the structures discussed In thi work are suspended
(free-standing) square membranes of a polymer fim supported on an oxidized siicon wafer. In this
paper, we report the use of these stiuctures for the boau measurement of adhesion of polymer films.

Sample Fabrication

Suspended membranes are made by first fabricating a square diaphragm 5 microns in
thickness in an oxidized silicon wafer using photolithography and anisotropic etching techniques [6).

The wafer Is then spin-coated with the polymer of interest and the diaphragm is removed with a
backside plasma etch to create a free-standing polymer membrane. Square membranes of a
BTOA-ODAtMPDA polyimlde (cast without adhesion promoter) from 1 to 25 millimeters (mm) on a side
and ranging from 6 to 15 microns in thickness have been fabrcated using this technique.

Alternate structures which are based on the suspended membranes are 'island' structures. -

To fabricate this structure, the square silicon diaphragm Is defined so as to leave a smal island of thick
silicon at the center. The polymer is then spin-cast and cured as for the suspended membranes. Upon
removal of the silicon diaphragm, the suspended membrane is left with a smal silicon island adhered
to its center. This structure is then used as the basis for further adhesion tests.

Mechanical Property Measurements

The residual stress and Young's modulus of the film can be determined by measurement of
the load-deflection behavior of the membrane (see Fig. 1) [3,7,8). The wafer Is epoxied to a substrate
which seats the cavity under the membraine and placed In a chuck which permits the application of
differential pressure by use of either a pressure source or a microliter syringe. The differential
pressure is measured using a slcon pressure transducer mounted in the chuck. The entire assembly
Is placed on a microscope stage with a calirated z-axis and the deflection d of the film at the center of
the membrane is measured.

To
C I3 oxide

Pressure (P)

Fiur 1. Membrane pammetera

A theoretical analysis of the load-deflection behavior has been performed using membrane
mechanic, (the energy minlmization approach of Timoshenko 191). modified to account for the
presence of residual stress [10). This leads to the following relation:

El 1.6tcoo(- ) d 3 ( - d w . 54 (I)

where p Is the appled pressure. E is Young's modulus. Co is the residual stress In the film, 2a is the

length of the square side. t Is the fin thickness, and d is the deflection at the center of the membrane.

Using this approach, we have previously found values of E-3 GPa and o0.30 MPa for this polyiride

(71. Knowledge of both the above equation and the mechanical property data are necessary for the

study of polymer adhesion using these structures.
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Aheion Seasuremnentis- Suspended lifembraes

The suspended metrittree can bS used for a measuremenit of the woawi adhesion Of a
the polyme flm t10 the A=co dioxide substrate. By Increasing the differential pressure an the test
Met. Owe Mb wilpl OWo the suate, lom*ng a blister. Computer simuaitoinh of thel boir %d.,m of

4 radius as a function of crWItia pressure of constant;y Indicate that the blister pressure-volume
characteritict Is unstable; once Peel has beon Initiated at a fixed pressurei. the blister wi grw without
bound. This phenomenon has been observed experlmenlially In prefviousl applications of the blister
test 111). Our experiment uses a controlled-volume loading to Initiait and limit peel. This Is
accomplished by in~ectINg pressurizing tfluid (air Into It spae under the blister using a calibrated
micoft~r ey k g. The PV work~ necessary to peel (and stretch) the blister (ram its it"a to Inal radius is
measured. The injected fluid Is then withdrawn, and the portion of the PV work that went into
stretchig the biste is measured This proceduire Is DMjsrajd graphically in Figure 2: the shaded area
te the avrage thme the total area peeed.
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whor&Is~I~ n c~fntoso the geooate od-oMdslcmety t the test in d the tlie vo 1dm plate or

the incremental dependence of blister size on blister area. rind c1 . c2 , and c3 are
mechanlcalptpet-depetident constants. Table I gives the values of the various parameters in
equations (2) anfd (3) for ftte blister geometries: the cdamped circular plate, the circular membrane.
and th esquare memb~rane. By substtution o( theff appropriate constants Into equation (3). and
slasaneous sojljton CC4(3) with the Corresponding toad-deflectioin rotation (2), a value for -% can be
destormiried as a lifiction of the crtical debond presaure pe . Thus, experimental measurement at the
critica debond pressure can be retled to -ye once the mechanical properties ot the film have been
scourstely deterineId.

Under ceshi conditons. eqiallon (3) reduce$ to special cases which have been previously
reported in the Rleme. For exanple, in the case of a clamped circular plate with zem residu'al stress
undergoing small deftecions. (c, C3 -0) t poel criterion trom equation (3) is:

0.5 Pcdc )



Tabl 1. Geometric constants for adheon model

SQUARE CLAMPED CIR. CIRCULAR
MEMBRANE CULAR PLATE MEMBRANE

k, II531i' 2.77 E tI 3511/a

It &041 /61 41% 1 2  4106/0

C U29E t 2.42 E1 0.917 E

ca 0 5.44 Et 13

C3  1.Mta- &Wt; L" 106

dA 1211 1 12na 1/2za

WaeiI.AklhMoly. lbc Use cm (il a cimlarn mabone tudergobn large defleisowith zero
rMders, (02 - 3 -0) the poo eft rmequaion (3) 14

*y OAO P~d, (5)

Gent 1121 has also anayzd tNo ase asisumirlg a slightly dfferentt loaldideflection profit* and has
'I, obtained a vaWi of 0.06 for the wwmft~lyin factor In equation (5).

For square teMstes undter residual stress such as the auspended memobranes, the relation
between;% arnd the c11c WSWerdofIctlon do at wh1O debond Inilisl given by:

-- 3.708 (dd1a)' + 4.940 0t (dj&)2(6

The relation bet wen, and P. can be obtained by simultaneous soluion of equations (1) an~d (6).,
aslowing detemninstin ;N' fromn a measurement of olther p. or dc duing peel.

The uppe & UlTty which can be measured using thisi techrique Is limited by the tensile
* stengthi of toe flm "t~ offect Is common I many standard adhesion tests; for example, the 900 peol

test Is also tanslle-etrenalt Onlsd. ft was dolerminaid that membranes fabdod by Lhe standard
Process arnd ate sceIle l uiW nOt be Peale: fin aWaas n~ftrod Wooro blisters were lormed.
For these samples, a lower bound for% was calcultated by using the pressure at which the fim
rutuZred as the p. value W tthe square frwnbrao.

In order to obsemv blister nucleation, III was neesaI to degrade the adhesion of the
PVS3CL_ Interface. This was done by kImmersing the test %Rtes i 90CC 820 for varying lengths of time.

Taleff91 asummliary of the adhesion data obtained from the suspended membiranles. Sample I,
was not subjected to any degeodati processing sand bjirst before blister nucleatilon; a lower bound
for;, was calculated from equation (6) to be 360 JMe. As expected, adhesive Strength generally
decreased with Incras&, Immersion time (samples 2-M) although this effeed was not Investigated
quantitatively. Upon drying. an Increase in adhesive strength was observed (samples 2,3).
Agreement between the PY method and equaion (6) was observed to be within 50% except lor
sampl 4, which showed iliflcant plastic deformation, Invalidting the PV analysis. Equation (6)
uses only one data point to calailato Y,, while the PV method Is averaged over the entire, waler. This
may accounit for diferences In the two approaches. Furthermore. equation (6) Impldctly assumnes an
ftiemertily synettro peewi Is not strictly correct for the square mnenfano. However. as pool

of the square membrane contineas. a circular blisteor Is fonned, allowing application of the appropriate
form of equation (3). Thes detail are presently under study.

Adhesion Measurements.t -island Structures

11e suspended meran= blister test, like other peel tests, Is limited by the lensil~e
strength of the fOMn One way to ovorcome this problem is lo use thicker films 113). In the blister test.
we have additional flexibiiy. Differenlt geometries for the microfabnlcalled site are Possible which Can
facitate peel of thinner film even In system with very good adhesion.

Equat~n (3) suggets that 9 a geometry can be found In which da/dA can be increased.
lurger vsaes of II may be measured at the same load. For simple blisters, this derivative is inversely
proportionalto the meinrane *a (Table I). Decreasing the membrane size tails since the deflection



T"~I I. AdheI data
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a we also decrease. This problem is oveorm i the Island afauctuoe show. In Figure 3. where the
polyrrwrft win be peeted only oi'fh erter Wand. The deflection A Is a function of the difference a2* A,9. where 2a2 Is the Characeltic size (edge length or dimeter) of t entire suspended merrbrans.
whle 2a Is the characteristic ae at the iland. However, the der"vtie da/dA is proportional only to
val~. This a large geoa h, s&#ent can be obtained by decreasig a, whie keeping &2 - , are

Althug the 01100 Proewre, a&:I for the IsLand structures is consierably mre
cornplostad tha for toe SII blisers, an aproirnate rotation betwee p and y based on a cular
geometry cam be develpd For a menfran. whose load-deflection behavior Is dominated by
reslujs tensile s aW which Is suspended over a circular annulus of Inne radius a, and outer
rakzsa82 1isreasd 10 % W-

2 (7)2 0 t hI

wher IW ie~e s annular ratio s2 / al. Although approxImate, I Is Instructive to examine the
lirifing behemoior of etpitn (7). As 0 approaches unityof approaches zero (since no film Is exposed.
no adhesion can be measrd ame a InIfiite pressure). while as 0 approaches infinity.y. gets large
fo any presue ps. Thje It Is theorellcolly posile to mneasure large If, values at pressures less than
the uhlrfe tenele ows of the 1tfM by Making t center isand sufficierntly naL.

Conomani eqlms. Isia atructures have been fabricated with an outer stse (282) of 10 rmm
and hmer We (2ej) of I and 2 non., Snsle a, values can be obtained by underetching the fim on a I
m W Islnl only 0.25 mmt or ame 0.125 mmu sections of the fim remin adhered to t he center
Island (Figure 3b). Peel has been achieved using these underetched structures. Although
filte-eleme anwalss of Vheseqas island structure will be reqired to generat a&=rat* values ol;
from observed debOn preastsue, order Of malgnilude values of;-f can be obtained from equation (7).
Prelrminary exerknet Indicate tha such values are In the range of 1000-3000 Jim2. In fair
agremn with vase obtamined forn mapicatlon of the peel test to thicker ffte 1131.
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(a) side viw (b) side viw. undaoetchod M1: (c) top ve

Conclusons

MieI 'britedIK test strte for th14 IMJ measunteorl f adhesin O1 thinl films have
been described. Youro' modulus aind residual tensile stress are determined from pro-peet
meaurement of the losd-e lection behavior of suspended membranes. On systems of weak
adlhono a blister test usin suspended mnembrnes has been carrded out. For sysems of good

, adhesion. an Island test "structure has been deveoped allowing even thin films to be tested.
d Mechniclc models for &Al thre structures am escribe.
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